Regulated gene expression is an important mechanism for controlling cell cycle progression in yeast and mammals, and genes involved in cell division-related processes often show transcriptional regulation dependent on cell cycle position. Analysis of cell cycle processes in plants has been hampered by the lack of synchronizable cell suspensions for Arabidopsis, and few cell cycle-regulated genes are known. Using a recently described synchrony system, we have analyzed RNA from sequential samples of Arabidopsis cells progressing through the cell cycle using Affymetrix Genearrays. We identify nearly 500 genes that robustly display significant fluctuation in expression, representing the first genomic analysis of cell cycle-regulated gene expression in any plant. In addition to the limited number of genes previously identified as cell cycle-regulated in plants, we also find specific patterns of regulation for genes known or suspected to be involved in signal transduction, transcriptional regulation, and hormonal regulation, including key genes of cytokinin response. Genes identified represent pathways that are cell cycleregulated in other organisms and those involved in plant-specific processes. The range and number of cell cycle-regulated genes show the close integration of the plant cell cycle into a variety of cellular control and response pathways.
Cell division is a fundamental biological process and shares conserved features and controls in all eukaryotes (1) (2) (3) . However, plants have a number of special features that give the control of cell division particular importance, including an indeterminate mode of development, the absence of cell migration, and responsiveness of growth rate and development to changes in environmental conditions. Cell division therefore plays a role both in the developmental processes that create plant architecture and in the modulation of plant growth rate in response to the environment (4, 5) . It is therefore not unexpected that plant cell cycle control shows a number of novel aspects, together with conservation of the types of key regulators of cell cycle transitions such as cyclin-dependent kinases (CDKs), 1 CDK inhibitor genes, cyclins, retinoblastoma (Rb) protein homologs, and E2F (6 -16) . However, important differences include the absence of direct CDC25 protein phosphatase homologs and the presence of cell cycle-regulated CDKs known as CDKB (17) (18) (19) (20) (21) (22) . As well as the presence of such novel regulators of the cell cycle, cell division control in plants might also show interactions with plant hormones and developmental regulators as well as with plant-specific processes such as cell wall metabolism. Regulation of gene expression in different phases is proposed to be an important mechanism for control of progression through the cell cycle in yeast and mammalian cells, and around 800 genes have been identified using microarray analysis in both systems as potentially cell cycle-regulated (23) (24) (25) (26) (27) . The wide scale analysis of cell cycle-regulated expression in plants has been hampered to date by the lack of a suitable system for the synchronization of cells from a sequenced species, and rather few genes are documented as cell cycle-regulated (28) . Almost all of these genes are directly involved in cell cycle progression, thereby giving few clues as to mechanisms by which cell cycle control may intersect with other cellular processes (22, 29 -35) . Using a recently developed cell synchrony system for Arabidopsis cells (22) , we have carried out an analysis of gene expression on high density Affymetrix microarrays (36) . 2 Cell cycle progression was reversibly blocked using the DNA polymerase inhibitor aphidicolin, and sequential RNA samples taken at two hourly intervals over a 19-h period were analyzed for gene expression. Expression of 4010 genes was detected and tested for statistically significant cell cycle regulation above the variation shown by a randomized data set, resulting in the identification of 463 candidate cell cycle-regulated genes, showing that cell cycle regulation of expression is found for a significant number of genes in plants. A close match was found for known regulated genes between the microarray expression analysis and RNA gel blots. Systematic analysis of their expression revealed common patterns of expression following release, suggesting coordinate regulation of a number of genes. Genes regulated in this experiment represent both processes known or suspected to be cell cycle-regulated in plants or other organisms and genes involved in a number of other cellular processes including hormone response, signal transduction, transcription control, and metabolic regulation (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) . The insights provided by the first wide scale analysis and identification of cell cycle-modulated gene expression in plants reflect the central role of cell division in plant development and responses and forms an important foundation for future studies in plant cell biology.
order of the measurements. Data resampling was performed by allowing permutations of measurements for each gene. Subsequently, PVE values m i were calculated for all vectors Y i (t) in the artificial control data set.
Cluster Analysis of Cell Cycle Expression Patterns-Expression patterns of genes defined as having a statistically significantly (p Ͻ 0.05) greater periodic expression in the experiment than the randomized data set were imported into GeneMaths (version 1.50; Applied Maths). Of the 4010 genes identified that passed the variation filter, a total of 493 gene expression profiles met the periodic fluctuation conditions (p Ͻ 0.05). All of the processed values for signal log ratios after comparative analysis against the sample directly taken after block release (T0) were subjected to principal component analysis (PCA) and self-organizing map (SOM) algorithms using GeneMaths 1.50 (50) . Prior PCA and SOM analysis genes were labeled (GeneMaths) according to the annotated peak of expression found after statistical analysis for each phase as . D, comparative mRNA analysis of gene expression by Northern blot and microarray analysis. Expression was normalized for microarray analysis by dividing the absolute detected signal through the maximum of expression (ࡗ). Signals after Northern blot analysis were quantified using NIH Image 1.62. The level of expression (in arbitrary units) was normalized by correcting against a loading control and expressing as a proportion of the maximum signal (Ⅺ).
follows: S phase peak (blue), G 2 (yellow), M phase (red), and G 1 (green). Both the expression values of different genes (493 values) and different experiments (nine) were used as variables to calculate the PCA. Data were normalized across genes and experiments. SOM analysis was performed choosing as map (or matrix) the dimension 4 ϫ 4. A dendrogram was created after the absolute expression pattern of each gene was normalized across the experiment by dividing the absolute signal at each time point by the maximum value for the same gene independently of whether it was called present or absent by MASuite. The hierarchical clustering analysis was performed by using as clustering algorithm the unweighted pair group method using arithmetic averages (large N/p) (51) .
Data Base Search to Identify Regulatory Elements within the Promoter Region-The data base tool patmatch (available on the World Wide Web at www.arabidopsis.org/cgi-bin/patmatch/nph-patmatch.pl) was used to search the promoter region 1 kb upstream of each open reading frame of the selected 493 genes. The following consensus sequences were used to search for regulatory motifs: E2F (TTTYYCGYY), mitotic-specific activation (YCYAACGGYY), Oct (CGCGGATC), and Hex (CCACGTCA).
RESULTS
Cell Cycle Progression after Aphidicolin-induced Synchrony-Analysis of gene expression during the cell cycle is predicated on effective synchronization and analysis of cell cycle progression. In many plant systems, the fungal toxin aphidicolin has been found to be an effective method of reversibly blocking cell cycle progression (22, 52, 53) . It inhibits both DNA polymerase ␣ and ␦ (54) and therefore blocks cell cycle progression in early S phase. Removal of the inhibitor by washing leads to release of the block and the synchronous resumption of S phase and progression through the cell cycle. However, Arabidopsis cell culture systems have proven remarkably recalcitrant to efficient synchronization using this or other methods (29, 55, 56) . We recently developed techniques for aphidicolin synchronization of the Arabidopsis Landsberg erecta cell line MM2d (22) , which was used for the synchronization experiments reported here.
After treatment of MM2d cells with aphidicolin for 24 h and subsequent washing to remove the block, cell cycle progression was followed by flow cytometry over a 19-h period (Fig. 1, A and  B) . The majority of cells are arrested in G 1 /early S phase (G 1 /S, G 1 ϭ 1N) directly after release of the block. Within 1 h of removal of aphidicolin, a peak corresponding to a progressive increase in DNA content of S phase cells indicated that the majority of cells proceed synchronous through S phase (Fig.  1A) . The DNA content of this S phase peak constantly increased in size before reaching the G 2 phase DNA content (2N) after 5 h. Peak analysis of the flow cytometry data shows that 77% of the cell population is in S phase 1 h after block release, and a maximum of more than 90% is found in G 2 after 7-8 h (Fig. 1B) . At 8 h, a rapid increase in the number of metaphase cells is observed.
Synchrony was also monitored by pulse labeling with BrdUrd and detection of newly synthesized BrdUrd-containing DNA using immunocytochemistry and indirect immunofluorescence to identify S phase cells actively synthesizing DNA (22) . The proportion of BrdUrd-positive cells observed is defined as the labeling index. Independent labeling index determination of the same samples confirmed the level of S phase synchrony measured by flow cytometry showing a labeling index peak of 76% observed 2 h after release (Fig. 1C) . The metaphase/anaphase index of cells in metaphase/anaphase reaches a peak value of around 11%, 11-12 h after release of the block. It should be noted that only cells in metaphase and anaphase were scored for the metaphase/anaphase index, which represent only around 35-40% of the total duration of mitosis, since it is difficult to score routinely other mitotic phases due to the small genome size and late condensation of Arabidopsis chromosomes in prophase (57) .
Differential Analysis of Gene Expression-RNA was prepared from samples taken immediately after washing to remove aphidicolin (0 h) and at two hourly intervals until 16 h, followed by a final sample at 19 h. RNA was labeled and hybridized to high density Affymetrix GeneChip DNA arrays that contain ϳ8250 gene sequences and expressed sequence tags according to the manufacturer's instructions (Affymetrix). The hybridized chips were then analyzed, and genes were filtered as described under "Experimental Procedures." Of the ϳ8250 genes and expressed sequence tags represented on the chip, 4010 passed the biological variation filter, indicating that they were both reliably detected on at least one chip ("present" call), and showing a change from the expression level at time 0 ("difference" call).
Previous analysis of microarray data has found that random variation can produce apparently systematic patterns of expression (49) , throwing doubt on earlier identification of cell cycle-regulated genes in human fibroblasts (24) . We therefore confirmed the existence of periodicity in our data set by creating a control set of randomized data (see "Experimental Procedures") for the 4010 genes passing the first filter. Fourier-PVE values, indicating the degree of cyclicity in the data and phase of expression were determined. Fig. 2A shows a plot of the PVE values of the 1000 strongest expressed genes (highest mean expression; mean selection, left) or of the 1000 genes with the largest standard variation in expression (S.D. selection, right) against the similarly ranked genes from the random set. In such a plot, points close to or above the diagonal show that there is similar or even less Points below the diagonal indicate that there is more cyclicity in the experimental genes than in the randomized genes, whereas points above the line indicate that there is more cyclicity in the randomized genes than in the experimental genes. Similar results are obtained for the entire gene set. B, maxima of expression were calculated from the fit of data to a sine wave. Distribution of phases were displayed for all 4010 experimental time series as well as for 4010 randomized time series for one entire cell cycle. C, display of density distribution for all 4010 experimental time series as well as for 4010 randomized time series for one entire cell cycle. periodicity in the experimental data than in the random data. In contrast, points below the diagonal indicate periodic expression. Fig. 2A demonstrates considerable periodicity in the experimental data. Thus, the successful synchronization of the cell culture was confirmed and that indeed many genes are expressed in a cell cycle-dependent manner. Similar to observations of Shedden and Cooper (49), we observe stronger periodic expression among the genes with the highest S.D. than among the genes with highest mean expression ( Fig. 2A , compare left and right). Similar observations were made with a plot of PVE values of the entire set of 4010 selected genes (data not shown).
Subsequently, we compared the distribution of phases between experimental and randomized data. Data in Fig. 2B show that the timing of maximal expression of the randomized data is relatively evenly distributed throughout the period of the experiment, as expected for effectively randomized data. In contrast, the distribution of phases in the experimental data strongly deviates from that of the random data. In particular, very few genes had expression maxima in G 2 phase (Fig. 2C) .
We then used the distribution of PVE values of the control data set to select those genes showing statistically significant higher periodic expression in the experiment than expected from the random data (p Ͻ 0.05), resulting in the definition of 493 (12%) gene signals of the total expressed (4010) as having a high probability of exhibiting significant regulation during the duration of the experiment. These included 213 gene signals with a peak of expression during S phase, nine genes peaking in G 2 , 135 in mitosis, and 136 in G 1 . The distribution of phases for the 493 selected signals was similar to that of the entire set of 4010 genes (data not shown). Although these genes were characterized by a low probability that their cyclical behavior was due to chance fluctuations, Fig. 2 , B and C, demonstrates that a proportion of other genes among the set of 4010 is also likely to be expressed in a cell cycle-dependent manner. A number of the 493 gene signals identified as significantly regulated are represented by independent oligonucleotide sets on the array. 26 genes have duplicated oligonucleotide sets, and two have triplicated sets, resulting in a total of 463 different genes identified.
To confirm the reliability and sensitivity of the results obtained from the microarray analysis, the expression patterns of several genes known to be cell cycle-regulated (22) were determined by RNA gel (Northern) blot and compared with the normalized expression data from the microarray analysis (Fig.  1D) . Cell cycle regulation of histone H4, CYCD2;1, CYCD3;1, CDKA, CDKB1, and CDKB2 could be readily detected both by Northern blot and among the 4010 expressed genes on the microarray. These comparative analyses clearly demonstrate that the expression profiles obtained by both methods show strikingly similar timing of their peak values and overall pattern, although small variations may be seen for individual time points. Striking is the clear difference between the timing of expression of CDKB1 and CDKB2 detected by both methods.
Principle Component Analysis-PCA was performed to analyze the extent to which the variation in expression seen among the 493 gene signals can be attributed to a limited number of variable components (58) . Briefly, PCA can simplify the analysis and visualization of multidimensional data sets by determining key variables that explain the differences in the observation. The matrix to be analyzed using our data set has 493 rows of genes and nine columns of conditions corresponding to each of the measured time points. Fig. 3A is a plot of the observed variances in all nine principal components. The first two principal components account for 72% of the total variability observed in our data. Plotting all 493 genes onto the first and second principal component showed that all labeled genes fall into distinct quadrants (Fig. 3B ). In addition, the position of known cell cycle-regulated genes, such as histones, mitotic FIG. 3 . Dimensionally reduced expression data after PCA. For the 493 genes showing significant periodical expression profiles, the signal log ratios after comparative analysis against the sample directly taken after block release (T0) were subjected to PCA. A, plot of variance (percentage) of the nine principal components. Most of the variance in the cell cycle data set is contained in the first three principal components. B, the rotated and dimensionally reduced expression data of all 493 genes plotted on the first and second principal components. After statistical analysis, genes were color labeled (S phase-specific genes blue; G 2 phase-specific genes yellow; M phase-specific genes red; G 1 -specific genes green). The positions of known cell cycle-associated genes in the two-dimensional space after PCA were identified and labeled as indicated.
cyclins, and CDKs was identified. This result clearly demonstrates that annotated S phase and M phase genes have strikingly different locations in space after PCA. Thus, PCA confirms that the simple assignation of phase specificity by peak value is indicative of co-regulated genes and that the majority of variation observed can be explained by two principle variables.
Cluster Analysis of Gene Expression-Since PCA analysis demonstrated considerable structure in the expression data, clustering tools based on hierarchical neighbor joining and self-organizing maps were used to identify groups of co-regulated genes.
The relatedness of expression patterns of the 493 gene signals identified as differentially expressed was assessed by creating a dendrogram based on normalized expression levels of the absolute detected signal. This hierarchical cluster analysis clearly shows that different groups of genes show peaks of expression at specific time points throughout the time course (Fig. 4A, dark red) . Abridged branch analysis resulted in the creation of sub-branches or nodes (Fig. 4A , A-G), which reflect differences in expression pattern and timing.
The hierarchical cluster analysis is based on consecutive pairwise comparisons, and although it is useful for grouping genes based on similarity of expression timing, it may not reflect the diversity of different regulatory patterns. The data set was therefore also clustered using SOMs, a neural network useful for clustering large data sets by classifying entries in a two-dimensional space or map. For this data set, SOM analysis using a 4 ϫ 4 matrix resulted in the optimal classification of observed gene signals, as shown in Fig. 4B , where the proportion of genes in each cluster having peak expression in different phases is indicated (S phase, blue; G 2 , yellow; M, red; G 1 , green). Both hierarchical branch and cluster definitions are provided in the data tables (Tables I-IV) .
The reliability of the hybridization was assessed by examining the distribution of duplicated and triplicated genes between different cell cycle phases (S, G 2 , M, G 1 ), based on peak expression time, between different nodes on the hierarchical cluster and different SOM clusters. Of the 28 replicated genes, only five pairs were not assigned to the same phase by peak expression, seven pairs were not assigned to the same branch node by hierarchical clustering, and, using the most stringent clustering assessment, 19 gene pairs were assigned to the same cluster group. Of the remaining nine pairs, all but one pair were assigned to groups showing very similar trends (groups 15 and 16, 2 and 3, 8 -12, 8 -16 , and 1-6). Taken together with the comparison of signals with Northern data above, the analysis of duplicates shows highly reproducible detection and assignment of expression patterns. We also conclude that the SOM cluster analysis reliably assigns duplicate signals for the same gene to the same expression pattern in Ͼ65% of cases and to very similar patterns in Ͼ96% of cases observed.
Known Cell Cycle-regulated Genes-Although rather few genes are known to be cell cycle-regulated in Arabidopsis, there is direct evidence for regulation of histones (53, 59) , mitotic cyclins (19, 60 -63) , and B-type CDKs (20, 22) , proliferating cell nuclear antigen, and the CDC6 protein involved in initiation of DNA replication (16, 64) . We examined the extent to which two classes of likely co-regulated genes were identified as cell cycleregulated and whether known co-regulated genes were assigned to the same or similar clusters. The majority of histone genes are expressed primarily in S phase. 14 histone genes are represented on the Affymetrix array, of which 14 were detected as expressed and 10 different genes were identified within the set of cell cycle-regulated genes. All 10 regulated histones fall into the very similar clusters 12 (two genes), 15 (one duplicated gene signal whose pair is in 16) and 16 Tables I-IV . B, SOM analysis of gene expression. As described in Fig. 3 , genes were color-labeled to identify which chosen map or matrix results in optimum classification of the predefined phase-specific genes in different cluster models (S, blue; G 2 , yellow; M, red; G 1 , green). After SOM calculation using a 4 ϫ 4 matrix, each node in the SOM is represented by a colored circle. The 16 hypothetical profiles obtained are displayed (clusters 1-16) with the number of genes found in each cluster. Putative methylenetetrahydrofolate reductase C c7 1 At2g29420
Putative glutathione S-transferase C c11 At5g12020
Heat shock protein 17.6-II C c12 At4g24020
Putative protein B c16 At4g22770
Putative DNA-binding protein C c16 At1g79450
Hypothetical protein B c4 At1g21750
Putative protein-disulfide isomerase precursor C c11 At1g02500
S-Adenosylmethionine synthetase C c8 1 At2g22420
Putative peroxidase C c11 At2g24490
Putative replication protein A1 A c8 At2g33630
Putative steroid dehydrogenase B c8 At4g26910
Putative dihydrolipoamide succinyltransferase C c8 At2g20980
Hypothetical protein C c7 At4g27230
Histone H2A-like protein B c16 bust assignment to clusters. All histone signals are within branches A-C of the hierarchical tree. Interestingly, the only two H2A genes are both assigned to cluster 12, suggesting differential regulation compared with other histones. In contrast, CDC6, also previously reported as S phase-regulated (16, 64) , shows clearly different expression in branch D and cluster 7, indicating that it is down-regulated in mitosis and up-regulated during G 1 of the second cycle. Mitotic cyclins of both A and B classes are primarily expressed during G 2 and M in Arabidopsis and in other plants (31, 32, 65) . Nine mitotic cyclins are present on the chip, of which all nine are detected as expressed, and eight gene signals (representing seven distinct genes) are defined as cell cycleregulated in this experiment. All fall into branch E and the very similar cluster 9, 13, or 14. Expression of CDKB1 and CDKB2 also peak in mitosis (Fig. 1D) (22) , with CDKB1 showing earlier expression (branch D, cluster 15) than CDKB2 (branch E, cluster 13), which is thus co-regulated with mitotic cyclins. The robust identification of mitosis-specific genes validates the synchrony of the culture used, despite the relatively low metaphase/anaphase index recorded for the reasons discussed above.
Novel Regulated Genes-The genes identified as regulated fall into a wide range of cellular processes as defined by MIPS based on collapsed automatically derived functional categories (available on the World Wide Web at mips.gsf.de/proj/thal/db/ tables/tables_func_frame.html; Fig. 5 ). Genes that are highest expressed at the time of aphidicolin removal (t ϭ 0 h) are grouped in sub-branch A (31 genes). The application of aphidicolin for 24 h and the treatment of cells with fresh medium during washing, are likely to induce stress responses. It is therefore not surprising that we identify potential stress-associated genes within this cluster including chitinases, peroxidase, glutathione transferase, proteolysis (F-box protein, serine carboxypeptidase), and heat shock-related proteins (see Tables  I-IV for details) . Nevertheless, we also observe expression of genes likely to be involved in S phase, such as histone H2A.F/Z already known to be cell cycle-regulated at the G 1 /S boundary in Arabidopsis suspension cultures (29) , proliferating cell nuclear antigen (cluster 11), and a DNA cytosine methyltransferase (cluster 12), which these results suggest are regulated genes. In sub-branch B, a large group of genes (147 genes) is found showing a peak of expression at 2 h after the block is released, corresponding to early to mid-S phase, including several genes involved in DNA metabolism and replication such as histones, a CDC50 homologue, and FAS1, which shows strong periodic regulation in cluster 4 (67) . Also in node B/cluster 4 are found the mitogen-activated protein kinase AtMPK6, which is known to be involved in signaling of abiotic stress (68), as well as the mitogen-activated protein kinase kinase AtMKK2. In addition, a large group of genes are annotated as oxidative stress-responsive genes, such as peroxidases (3), chitinases (4), glutathione transferases (six total, all in nodes B/C), superoxidase dismutase, and ethylene-responsive element-binding factors (2) . Within the next node (C), 91 genes are clustered, which are highly expressed over multiple time points mainly in S phase including further histone genes. A few genes in sub-branches C and D show high expression in S phase (2-6 h) and then decrease, with higher expression again seen in the last experiment after 19 h. This expression profile is found, for example, for the CDC6 gene, which is specifically expressed in G 1 and S phases (16, 64) , and the mitogen-activated protein kinase kinase kinase ATN1. ATN1 is related to mammalian transforming RAF kinases, but no biological role is known in plants (68) . Two casein kinase I genes are also found in clusters B and C.
In node E, 102 genes are grouped together, which are assigned as M phase-specific, belonging to clusters 9, 10, 13, and 14. In addition to mitotic cyclins and CDKs (see above), the Arabidopsis homolog of budding yeast CDC20 is within this node and cluster 13 and is one of the most highly regulated genes detected. CDC20 is one of two proteins required to activate the anaphase-promoting complex. Other genes with clear mitotic associations are three genes for kinesin heavy chain, two kinesin-like potential spindle proteins (At2g28620, At4g14330), a homolog of an extragenic suppressor of bimD6I involved in chromosome structure and segregation (69), a homolog of human TOG that targets CDK activity to microtubules in mitosis (70) , a fimbrin involved in F-actin filament crosslinking (71), and two helicases. Putative regulatory proteins include a protein phosphatase 2C (At2g30020), MYB70, an AP2 domain protein (At3g16280), and an FCA-like protein (At2g47310).
Node F includes 71 gene signals whose expression peaks at the M/G 1 boundary, and node G includes a further 27 genes expressed during G 1 phase. Some genes in these nodes are also expressed in the early stages of the experiment and are hence in clusters 1 and 2. Notable in node F are the very highly regulated histidine kinases (HKs) encoding the cytokinin receptor CRE1 (AtHK4) and the osmosensor AtHK1 as well as the response regulators ARR4 and ARR7. Two MCM proteins required for prereplication complex assembly, CDC21 (72) and MCM5, which has an E2F site in its promoter as does human MCM5 (73) , are both expressed at this time in cluster 5, as is the DNA mismatch repair protein MSH2, which associates with p53 in S phase in mammalian cells (74) . In node G, the SKP1 homolog At2g03160 is found in cluster 3, indicating a G 1 /S expression pattern in both cycles. SKP1 functions as part of the SCF complex and regulates the destruction of G 1 cell cycle regulators at the onset of S phase. The D-type cyclin CYCD4;1 (75) not previously known to be expressed or regulated in cell suspension cultures is also found in this node.
Links to Other Cellular Processes-In addition to processes likely to be cell cycle-regulated based on studies in other organisms, the data hold clues to novel plant-specific processes that may be integrated with cell division control.
Plants coordinate nuclear division with mitochondrial and plastid duplication and segregation. Two genes related to yeast ABF2, a high mobility group protein involved in mitochondrial DNA segregation (76) , both have very strong regulation in the mitosis peak node E/cluster 13. Since both ABF2 homologs (At4g23800, At4g11080) are predicted to be plastid-targeted (data not shown), this could provide a link between nuclear and plastid division. Moreover, the only gene in Arabidopsis for organelle methionyl-tRNA synthetase that provides both mitochondrial and chloroplastic activity (77) is also regulated in node F/cluster 5, suggesting a link to organelle protein synthesis.
The data set includes a number of genes suggesting links to hormone perception, biosynthesis, and response, including cytokinin, brassinosteroids, auxin, ethylene, and jasmonate. One of the most highly regulated genes detected is the cytokinin receptor AtHK4 (CRE1, WOL1), which shows strongly periodic expression in G 1 (node F, cluster 1). It is thus expressed in early time points, decreases, and then increases in later time points. Interestingly, ATHK4 is co-regulated in the cell cycle with its downstream transcriptional targets ARR4 and ARR7, negative regulators of the cytokinin response presumably involved in a feedback mechanism (78, 79) . Since ARR4 is also linked to phytochrome and light signaling, it could provide a link between cytokinin, other signals, and cell cycle (79, 80) . The coordinate response of AtHK4, ARR4, and ARR7 cytokinin regulatory genes is consistent with the requirement for cytokinins for the G 1 /S transition through the regulation of CYCD3;1 expression (81) and suggests that roles for cytokinin at the G 2 /M transition (82) may be regulated by different genes.
Dwarf1 encodes the enzyme that converts 24-methylenecholesterol to campesterol in brassinosteroid biosynthesis and is found in node F, cluster 5 with a G 1 maximum. Brassinosteroid controls both cell growth and cell division (83) and regulates expression of the D-type cyclin CYCD3;1 (84, 85) , and the up-regulation of DWARF1 during G 1 phase suggests a mechanism by which this may be mediated.
Auxin is essential for cell division and cell cycle progression (86 -88), although rather little is known of its precise molecular interaction with the cell cycle. The auxin-induced transcrip- Putative rac GTPase-activating protein E c13 At4g23800 98b-like protein E c13 At4g35620
Cyclin 2b protein E c9 1 At1g04250
Putative auxin-induced protein, IAA17 F c5 At1g23790
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Zinc finger protein ZAT7 G c9 At2g25350
Unknown protein F c9 At4g12800
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Similar to latex allergen from Hevea brasiliensis F c 5 At5g66570
33-kDa polypeptide of oxygen-evolving complex E c9 At4g00430
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Unknown protein E c13 1 At2g47500
Putative kinesin heavy chain E c13 1 At2g40300
Putative ferritin F c5 1 At3g48280
Cytochrome P450-like protein E c5 At3g16280
Putative AP2 domain transcription factor E c13 1 tional regulator AXR3 (IAA17) (89) is strongly regulated (node F, cluster 5), showing continuously up-regulated expression, whereas IAA18 shows an S phase peak (B/12). A further putative auxin-regulated gene shows a mitotic peak, suggesting that differential regulation of auxin response genes could explain some of auxin's multiple effects on all stages of the cycle. Allene-oxide synthase is critical for the biosynthesis of all biologically active jasmonates, which is involved in wound and other pathogen responses and blocks cell cycle progression during G 1 (90) . Duplicated gene signals for allene-oxide synthase show both in node G and the similar clusters 1 and 6, suggesting possible roles in G 1 control.
A unique aspect of cell division in plants is close coordination required between cell wall synthesis and the cell cycle. It is therefore interesting to note at least 23 genes identified that have known or putative links to cell wall or biosynthesis of cell wall components that are found in several clusters. For example, expansins are a group of extracellular proteins that directly modify the mechanical properties of plant cell walls, leading to turgor-driven cell extension (91) . Three expansin genes are detected as regulated, of which two are expressed in G 1 (F, 5) , whereas the third is expressed in both S and G 1 phases (B, 2). Extensins are abundant proteins presumed to determine physical characteristics of the plant cell wall, and expression of one is found with a G 1 peak (G, 3). RHD3 (ROOT HAIR-DEFECTIVE 3) encodes a putative GTP-binding protein required for appropriate cell enlargement in Arabidopsis (92) , and RHD3 is found to be regulated (B, 8) .
Methylenetetrahydrofolate reductase is involved in the folate-mediated one-carbon metabolism and synthesizes the methyl donor subsequently used for methionine synthesis from homocysteine. It is encoded in Arabidopsis by MTHFR1 and -2 Putative protein E c13 At2g22610
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Hypothetical protein E c13 At2g16440
Putative CDC21 protein F c5 At2g17620
Putative cyclin 2 E c13 1 1 At2g35630
Similar to ch-TOG protein from Homo sapiens E c14 At1g67350
Hypothetical protein E c14 At2g46420
Unknown protein E c14 At5g02500
DnaK-type molecular chaperone hsc70.1 F c1 At1g47500 DNA binding protein, putative E c10 1 At2g44840
Putative ethylene response element-binding protein E c9 At4g37110
Putative protein E c13 At2g11910
Unknown protein E c9 At1g77050
RNA helicase, putative F c10 At3g47960
Putative peptide transporter F c1 At2g01290
Putative ribose 5-phosphate isomerase E c10 1 At3g54890
Chlorophyll A E c9 At2g38750
Putative annexin F c1 At5g48460
Fimbrin 2 (gb AAB97844.1) E c14 At1g26900
Hypothetical protein D c1 At1g20930
Putative cell division control protein, Cdc2 kinase E c13 1 At2g40330
Unknown protein D c14 At4g39530
Putative protein E c13 1 At2g47310
Putative FCA-related protein E c14 At4g00620
Putative tetrahydrofolate synthase E c10 1 At1g74470
Geranylgeranyl reductase E c14 1 At1g15820
Chlorophyll-binding protein, putative E c10 1 At2g20800
Putative NADH-ubiquinone oxireductase F c5 At3g50060 R2R3-MYB transcription factor F c1 1 At1g04210
Unknown protein E c14 At4g12420
Putative pollen-specific protein F c9 At2g19090
Hypothetical protein E c14 At4g33570
Putative protein E c14 1 At4g02150
AtKAP ␣ E c13 At5g23300
Dihydroorotate dehydrogenase precursor E c10 At4g19710
Aspartate kinase-homoserine dehydrogenase-like protein E c9 At4g31290
Predicted protein F c9 At5g25380
Cyclin 3a E c14 At2g02020
Putative peptide E c10 At2g30020
Putative protein phosphatase 2C E c13 1 At2g23290
Putative MYB family transcription factor E c13 At3g56940
Leucine zipper-containing protein AT103 E c10 At1g42970
Glyceraldehyde-3-phosphate dehydrogenase E c10 At2g44630
Hypothetical protein E c10 At4g25730
Putative protein E c10 At4g38680
Glycine-rich protein 2 (GRP2) F c9 Putative kinetechore (Skplp-like) protein G c3 1 (93) , both present on the array, the latter being represented by duplicate oligonucleotide sets. Both MTHFR genes are found in node C and in the closely related periodic clusters 7 and 11, which show a sharp decrease in mitosis. Both genes also carry E2F sites in their upstream regions. These results suggest that MTHFR transcription is S phase-regulated in Arabidopsis.
Since lignin biosynthesis is a major utilizer of methionine via S-adenosyl methionine (94) , this may be linked to cell wall synthesis or alternatively reflect the control of methionine pools for protein synthesis. A number of genes identified provide clues to possible links with developmental and differentiation processes through genes previously identified as having developmental phenotypes when mutated. These include genes for an Argonaute (AGO1)-like protein (F, 5) possibly involved in RNA turnover processes (95), a homolog of tomato DEM1 (defective embryo and meristem) (96) , which is mitosis-regulated and FCA-related (E, 14) , and a NAM (no apical meristem)-like protein (F, 9) (97) as well as four scarecrow-like transcription factors (98) , three of which are in nodes A or B.
Cell Cycle-regulated Promoter Elements-Three main groups of regulatory elements have been described in plants that control cell cycle expression. E2F binding sites regulate expression by binding to activating or inhibitory E2F factors, which are themselves regulated by the recruitment of hypophosphorylated Rb to E2F sites, which inactivates expression (99) . Phosphorylation of Rb in late G 1 results in activation of E2F-regulated genes including ribonucleotide reductase (100) and CDC6 (16, 64) . Expression of mitotic cyclins has been shown to depend on specific elements conferring mitotic-specific activation in tobacco and Arabidopsis (61), whereas histone gene expression depends on octamer (Oct) and hexamer (Hex) elements (59) . We searched the regions 1 kb upstream of each open reading frame within the regulated gene set for the E2F (TTTYYC-GYY), mitotic-specific activation (YCYAACGGYY), Oct (CGCGGATC), and Hex (CCACGTCA) consensus sequences. Oct and Hex sequences were found in only a few genes, mostly histones. The relatively loose E2F and mitotic-specific activation consensus sequences identified a relatively large number of genes, not all of which are likely to be regulated by these factors. However, when we examined the distribution of detected sites between different clusters (Table V) , we found that clusters contained either relatively few or relatively frequent sites. In all cases except cluster 13, the clusters with frequent E2F sites are distinct from those with larger numbers of genes with mitotic-specific activation sites, suggesting that these generally confer regulation at different times in the cell cycle. Cluster 13 represents mitotic peaking genes and may suggest a role for E2F in regulating expression of genes peaking in G 2 / mitosis as previously found for mammalian E2F-regulated genes (39) . DISCUSSION Here we present for the first time the results of a wide scale analysis of regulated gene expression in a plant cell cycle synchronized culture. The results demonstrate that a large number of plant genes are likely to show cell cycle-dependent regulation of their expression. The identified genes are involved in a wide range of cellular processes including cell cycle control, cytoskeleton, transcription, proteolysis, phosphorylation, signal transduction, biosynthesis, carbon and amino acid metabolism, hormone response, and organelle function (Fig. 5 and Tables I-IV) . Shedden and Cooper (49) have shown that microarray analysis is prone to random fluctuations, which can be interpreted as consistent regulation. We show that the data from this experiment show significantly greater regulation than a control randomized data set. We have applied statistical analysis to identify 463 genes among 4010 passing initial filters with a high probability of showing significant regulation (p Ͻ 0.05), and over 200 of these are significant (p Ͻ 0.01).
Shedden and Cooper (49, 66) have also criticized analysis of cell cycle expression because of the perturbations caused by synchronization methods. It is clear that the synchronization carried out here does indeed cause induction of some stressrelated genes. However, the procedure was developed to minimize stress, and indeed Arabidopsis cells readily arrest division. Moreover, we have identified almost all Arabidopsis genes previously known to be cell cycle-regulated, including genes whose cell cycle regulation has been demonstrated in vivo by in situ hybridization and are therefore independent of synchronization procedures (30) . A large number of genes also fall into clusters not consistent with a simple stress response due to their periodic response to cell cycle position, and in particular clusters indicative of roles in G 2 /M or G 1 /S processes.
It is interesting to note that, compared with the analysis in mammalian cells, we identify large numbers of genes regulated during G 1 phase (136 genes). This may reflect a greater role for transcriptional control in G 1 in plants. It is also likely that G 1 control in plants must integrate a larger number of potential signals due to the multiple developmental and environmental influences on commitment to cell division. We conclude that the analysis has not only successfully identified known cell cycle-regulated genes but also identified as cell cycle-regulated a number of other genes involved in cell cycle progression, DNA replication and its control, and cytoskeletal processes that might be suspected to be regulated but for which no evidence has previously existed. In addition, a number of novel controlling genes including kinases, phosphatases, and transcription factors have been identified as well as links to genes previously known for their role in differentiation or developmental processes.
